EVOLUTION OF TIDALLY TRIGGERED MELTWATER PLUMES BELOW ICE SHELVES

Douglas R, MacAyeal

Department of the Geophysical Scilences, University of Chicago, Chicago, Illinois 60637

Abstract. Theory suggests that tidally in-
duced vertical mixing and tidal rectification
may trigger basal melting in two widely sepa-
rated regilons of the sub-ice cavity in the
Ross Sea. Vertical separation of two melt-
water masses observed off the Ross Ice Shelf
by others reaffirms this suggestion and pco-
vides geochemical evidence useful for testing
models of sub-ice shelf meltwater plume evolu-
tion. A simple model of this sort is used
here to examine the idealized evolution of two
meltwater plumes originating at 1,000-m depth
and at 250-m depth. Results indicate that
melting along the plume path driven by turbu-
lent entrainment of ambient seawater strongly
controls the net vertical penetration of the
plume as it flows along the sloping ice shelf
base. Entrainment-driven melting along the
plume path is possible under present climatic
conditions, but at depths greater than approx~
imately 550 m. Such melting may be possible
at all depths, however, if climatic change
were to warm the amblent water column by ap-
proximately 0.6°C,

Introduction

Jacobs et al. [this volume] observe an iso-
topic and hydrographic distinction between two
meltwater masses in the open Ross Sea and, as
a result, have proposed a dual circulation re-
gime below the ice shelf. Salinity contrast
between these two masses constrains thelir ver-
tical separation within the ambient water col-
umn. This vertical distinction has promp ted
Jacobs et al. to refer conveniently to the two
masses as "Deep Ice Shelf Water" (DISW) and
"Shallow Ice Shelf Water" (sISW).

The DISW mass is observed between 350 m and
500 m along the central and western portions
of the Ross ice front (See Fig. 6¢c of Jacobs
et al. [this volume]). Judging from the ob-
served distribution of ice shelf draft [Bent-
ley, et al., 1979] (also shown in MacAyeal
[1984a]), DISW is likely to be in contact with
the ice-shelf base along the remote southeast-
ern region of the sub-ice cavity. The circu~
lation regime proposed by Jacobs et al. [this
volume] leading to DISW production must,
therefore, embody deep penetration into the
sub-ice cavity without direct influence on the
basal melting regime of the thin portion of

ice shelf near the ice front, The hydrogra-
phic and geochemical composition of DISW mea-
sured by Jacobs et al. [this volume)] confirms
this concept of deep thermohaline circulation
in that DISW has the properties expected from
a mixture of pure glacial meltwater and High
Salinity Shelf Water (HSSW), the predominant
water type at the seafloor on the Ross Sea
continental shelf,

The SISW mass, in contrast to DISW, is ob-
served at, or just below, the sea surface (see
Fig. 6¢c of Jacobs et al. [this volume]). The
lce shelf draft patterns suggest that SISW has
been in contact with thin ice near the ice
front. Jacobs et al. [this volume) suggest
that SISW results predominantly from the in-
flux from the continental slope region of a
distinct core of relatively warm water (WHCO)
to the central part of the Ross Ice Shelf Bar-
rier.

The numerical tidal simulatlons discussed
in companion papers [MacAyeal, 1984a; Mac-
Ayeal, this volume] identify two tidal pro=
cesses that may generate the two meltwater
clirculation schemes envialoned by Jacobs at
al. [this volume]. The companion study pre-
sented In this volume suggests that WMCO in-
flux is driven, in part, by tidal rectifi-
cation along the ice front. Tidal rectlifi-
cation may thus factor into SISW production,
The other companion study [MacAyeal, 1984a]
suggests that tidally driven vertical mixing
erodes density stratification sufficiently to
catalyze basal melting below thick ice shelf
in the extreme southeastern part of the sub~-
lce cavity. Tidally driven mixlng may thus
factor into DISW production.

As an initial test of the hypothetical link
between the simulated tidal processes and the
observed meltwaters, the evolution of two
idealized meltwater plumes are calculated to
see how closely they match the observed melt-
water properties. A simple stream tube model
[Smith, 1975; Killworth, 1977; Bo Pedersen,
1980; Melling and Lewis, 1982] is adapted here
to simulate buoyancy driven flow along the
sloping base of an idealized ice shelf. The
objective is to determime the depth, salinity
and oxygen-isotope depletion at Lhe point
where the flow breaks free of the ice shelf
base and begins to interleave within the am-
bient stratified water column. It will be
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TABLE 1. Plume Simulations
Run Eo K B Zeo x(zc), Sp(zc) Gf(zc), c(zc), W(Zc)s h(zc)’
m km °C o/oo km m
DISW Analog
-2.568 ~0.064 124 25
1 0.072 0.025 suppressed -829 0 35.00
2 0.072 0.025 calculated =212 0 34.63 -2.061 -0.203 410 82
3 0.036 0.025 calculated -262 0 34.66 -2.161 -0.230 233 47
4 0.018 0.025 calculated -330 0 34.70 -2.210 -0.258 145 29
a 0.072 0.01 calculated =-816 2996 34.94 -2.541 -0.176 112 22
b 0.072 0.1 calculated -658 954 34.89 -2.417 -0.240 175 35
SISW Amnalog
5 0.072 0.025 suppressed ~54 0 34.53 -1.934 -0.078 120 24
6 0.072 0.025 calculated -27 0 34.52 -1.912 -0.091 124 25
7 0.036 0.025 calculated =5 0 34.50 -1.895 ~0.141 80 16
8 0.018 0.025 calculated 0 0 34.50 -1.891 -0.219 50 10
c 0.072 0.01 calculated -119 1405 34.55 -1.985 -0.086 202 40
d 0.072 0.1 calculated 0 270 34.32 -1.880 ~0.400 55 11
2z, defined to be level where A becomes less than 1.0 x 1073,
termined by the entrainment rate of warm am- _ AL P
bient water and by the vertical heat flux Gn+1_ Gn + 2% (9 F(e n+l) + 19 F(Gn)
through the ice. The equation for B is _
5 F(Gn-L) + F(Gn-2>] (16)
. e k, (o - 6,)
o i s £
B=+——Ewu (g, \~9,) - — w (14)
Lo (z) 7t Lop i where
is th £ the entrained 6t =c_ +8 [(55r(6 ) - s9r(a_ )
where 8(z) is the temgirasgre o e entraine a1 n T 9% n o1
water, c, = 4000 J kg”"°C”" is the heat capaci
ity of sea water at 0°C, L, = 3.35 x 10°J kg~ + 37F(Gn—2) - 9F(Gn—3)] (17)
is_the latent heat of melting, and ki =2.4W
?' is the conductiv?ty of ice at ~-12°C, IF G is the solution of
is important to realize that the basal melting
rate given by equation (l4) applies only to 36 - F () (18)
the area in contact with the plume. Else- A

where, B is assumed zero.
The buoyancy of the meltwater Ay is given
by

g

Ay = . (p - 1009.0) if B> 0
A =2 (, - 1004.0) if B < 0 (15)
m Tp

where 5 is the ambient density, the density of
salt-free meltwater is assumed to be 1000 kg
m™”, and the density of water being frozen as
basal ice is assumed to be that corresponding
to a salinity of 5.0.

The model equations are solved numerically
using an Adams-Moulton predictor/corrector
scheme given by Young and Gregory [1972]:

A\ is the step-size, and F is a "forcing"
function depending on G and other parameters.
The first three steps are taken using a Euler
forward scheme [Young and Gregory, 1972] to
initialize the predictor/corrector sequence.

The model integration is halted when the
plume breaks free of the ice-shelf base and
begins to interleave within the stratified am~-
bient water column. This criterion is taken
to be that point, (y,, z.) at which the plume
buoyancy A is so low that the equations for u
and B are no longer valid because inertial
terms become comparable to buoyancy terms.
This critical plume buoyancy is approximately
10"*m s™%. The results are not sensitive to
this choice.
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Modeling Strategy

The stream-tube model used here to provide
insight into buoyancy-driven flow along the
ice shelf base is a highly simplified repre-
sentation of nature. In addition, the parame-
ters chosen to represent the complex physical
processes such as friction and entrainment
represent conjectures based on values used in
other contexts [e.g., Killworth, 1977; Melling
and Lewis, 1982]. Without more detailed ob-
servation of the sub-ice regime, mode ling
studies such as this can at best merely iden-
tify logical processes to be examined else-
where through observation or through more so-
phisticated modeling techniques.

The objectives of the present modeling ex-
ercise must be chosen with the above difficul~
ties in mind. Rather than attempt to tune
model parameters to better match observations
the objectives here are to explore the range
of parameter sensitivity and to identify qual-
itative rules governing sub-ice plume evolu-
tion. Specific tasks to be accomplished here
are: (1) to display graphs showing the evolu-
tion of 8, C, and B as functions of A, (2) to
determine the range of depths at which DISW
and SISW analogs break free of the ice shelf
and Interleave within the ambient water col-
umn, and (3) to examine the effects of the
earth's rotation. To meet these objectives,
numerous simulations were undertaken. A des-
cription of these simulations is presented in
Table 1. Differences among them fall into
four categories: (1) initial conditions, (2)
parameter values of E and K, (3) artificial
suppression of basal melting, and (4) artifi-
cial suppression of earth rotation effects.

Two sets of initial conditions are formu-
lated so that both DISW and SISW may be simu-
lated. For DISW production, tidal mixing in
the remote portions of the cagity is assumed
to cause an initial 5 x 10° m s71 flux of am-
bient water (idealized HSSW) to equilibrate
with the ice shelf at 1000-m depth. This ini-
tial flux and that used for SISW production
below are arbitrary and based on the assump-~
tion that the plume originates as a small flux
which subsequently builds through entrainment.
The salinity, buoyancy, oxygen-isotope concen-
tration, and temperature of the initial DISW
flux are calculated from conservation equa~
tigns and have values of 34.79, 2.437 x 10" °m
877, -0.37 o/oo and -2.76°C, respectively.

For SISW production, tidal rectification
near the ice fromt is assumed to cause an ini-
tial 5 x 109 m° s~ flux of an idealized WMCO
having temperature of -1.0°C and salinity
34.65 to equilibrate with the ice shelf at
250-m depth. The idealized salinity is as-
signed to WMCO so that it would reside at a
depth of 250 m in the idealized water columm.
In reality, the salinity of WMCO is less than
34.5, but this salinity does not occur at any
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level in the model's ambient water column. The
initial salinity, buoyancy, oxygen-isotope
concentration, and temperature of3this 3quili-
brated flux are 34.21, 3.45 x 107° m s~¢,
-0.53 o/oo, and -2.08°C, respectively. The
DISW plume begins at y = 0 and z = - 1000 m,
and the SISW plume begins at y = 750 km and

z = - 250 m., These parameters are consistent
with the spatial dimensions and velocity
scales observed in the Ross Sea.

The nondimensional entrainment parameter E
ls inversely proportional to the bulk Richard-
son number and is given by the formula devel-
oped by Bo Pedersen [1980] and by Melling and
Lewis [1982}):

%)

E = EOK/(hAu' (19)

where E, = 0,072. This parameterization al-
lows the entrainment rate to go up when the
stability of the interface separating the
plume from the environment goes down. This
interfacial stability 38 measured by the bulk
Richardson number hAu™*, To test sengitivity,
the model is run using values of B, reduced by
1/2 and by 1/4.

The nondimensional friction parameter K is
varied in order to evaluate model sengltivity.
For simulations in which earth rotation is
disregarded, K = 2.5 x 10”7, This choice is
consistent with the value used previously to
parameterize friction in shallow water tidal
models [MacAyeal, 1984b], and falls within the
range applicable to coastal circulation re-
gimes summarized by Ramming and Kowalik
[1980]. For simulations in which earth rota-
tion deflects the stream tuba, K is asa%gned
one of two possible values, 10™* or 1074, The
higher values of K used when rotation effects
are embraced are consistent with the values
used in sfudies by Killworth [1977] (who used
1.5 x 107%) ang Melling and Lewis [1982] (who
used 1.0 x 107*). These high values are mo=-
tivated in this study, and in those previous,
by the desire to reduce the deflection angle
B. Without guch a reduction (e.g., leaving K
at 2.5 x 1077) the stream tube does not exit
the sgb-ice reglon without extending too Ffar
(~ 10° km) along the ice shelf draft con-
tours. The need for high K to reduce B im~
plies that earth rotation effects axe counter-
balanced by effects associated with coasts,
inverted channels in the base of the ice
shelf, or with baroclinic instability (mean-
dering). Such effects are not embraced here,

Two regimes are examined in the present
study. In one regime, friction and buoyancy
balance, and the Corlolis forece is assumed
balanced by an unspecified force such as a
pressure acting on a coast or on the side of
an loverted channel in the base of the lce
shelf. Optical leveling surveys show ice
shelf surface topography indicative of such
channels in the southeastern corner of the
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Fig. 2. Levels of plume separation for each
model run and the analytic solutions along
with the observed depths and equivalent depths
of DISW and SISW. The equivalent depth is de-
fined as the depth at which a water mass with
its observed temperature and salinity would
reside in the idealized ambient water column
used in this study. The number and letter
identification scheme is summarized in Table
1. In brief, numbered results differ from
lettered results by the suppression of earth
rotation effects. The results show that rota~-
tion effects tend to diminish the vertical
penetration of the plume by suppressing en-
trainment-driven basal melting.

Ross Ice Shelf (near 83°58'S, 160°00'W) [R.
Bindschadler, personal communication, 1984].
These channels, however, extend only a limited
distance to the north, and are thought to be
relict features advected into the ice shelf
from grounded ice streams. They may, never-
theless, host meltwater plumes. In this cir-
cumstance, B8 is set to zero, the Richardson
number becomes approximately constant at
K/(sina cosB), and the entrainment parameter E
is approximately constant at E, sina.

The other regime represents a geostrophic
balance between the Coriolis force and buoy-
ancy. This regime is expected to result in
predominantly slow flows in which basal ice
topography and coasts exert little influence
on the deflection of the stream tube. The
Richardson number for this regime is increased
by a factor of cos™' B where

= -1, fh
B = tan (EF)
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and the entrainment parameter is reduced to
approximately 10% of the value derived above
for the regime in which buoyancy and friction
balance.

Analytic Results

Before discussing the numerical solutioms,
it is instructive to derive an analytic solu-
tion valid for zero entrainment and a quasi-
static momentum balance between buoyancy and
friction (earth rotation disregarded). The
buoyancy and velocity derived from equations
(10) and (8) are written as

A=Ay = yo) - N sin a y (20)

and

sin a

u=(h —— (aly = yo)-N2 sin a y))l/2

(21)

Bosal Melting Rate { m/year)
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Fig. 3. Melting rates on sections of the ice
shelf base with which the plumes are in con-
tact, plotted as functions of y. These ice
shelf sections are of the order of 100 km
wide. DISW plumes 2, 3, and &4 cause the
greatest melting because of their high en-
trainment rates and the greater temperature
difference between the ambient water entrained
and the in situ freezing point. These runs
demonstrate the effectiveness of entrainment-
driven basal melting. The effect of the
earth's rotation, however, is to suppress bas-
al melting because the geostrophic balance im-
plies slower flow and less entrainment. The
SISW plumes show little basal melting as a re-
sult of lower temperature difference between
the entrained water and basal ice. High heat
flux through the thin idealized ice shelf in
contact with the SISW plume also suppresses
melting, This suggests that the initial loss

of sensible heat from the WMCO dominates near-
ice~front melting.
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Fig. 4. Plume buoyancy plotted as a function
of y. Buoyancy is maintained above the "zero-

entrainment" curve for DISW plumes in which
earth rotation effects are suppressed. This
results from entrainment-driven basal melting.
Rotation effects reduce buoyancy below the
"zero-entrainment" curve for DISW and SISW
plumes. This is because geostrophic balance
implies a reduced entrainment rate. Curve a,
in which rotation effects buoyancy most
strongly, approaches curve 1, which represents
the effect of artificial suppression of en-
trainment-driven basal melting.

where y, 1s the initial value of y or the pos~
ition of the plume source. From this solution
the depths at which the DISW and SISW plume
analogs break free of the ice shelf base are

Aly =y )
z = ————"= - 516 (DISW)
c 2
N
zc = 0 (s18W) (22)

The DISW plume rises along the ice shelf base
until it reaches the level where its salinity
is equal to the ambient salinity. The SISW
plume, in contrast, rises until it reaches the
sea surface. This is because the SISW plume
has an initial salinity lower than that of the
ambient water column at any level. These crit-
ical depths are displayed in Figure 2. The
velocities along the plume paths are plotted
in Figure 3.

Break Free Depths

The numerical results shown in Table 1 and
Figure 2 indicate that all the DISW plume ana-
logs interleave within the ambient water col-
umn at a considerable depth. No reasonable
combination of parameters was found to allow
the DISW plume to reach the sea surface. The
deepest break free depth (zc) was attained by
run 1 for which rotation and basal melting

Velocity {m/sec)

|
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were suppressed, and for which the entrainment
had it greatest value, The shallowest break
free depth was attained by run 2 for which
rotation, but not basal melting, was sup-
pressed. Runs 2 through 4 indicate that in=-
creasing entrainment reduces the break free
depth. This relationship occurs because
greater entraimment incorporates more heat
into the plume which subsequently produces
more meltwater. Figures 3 and 4 show the bas-
al melting rate (B) and plume buoyancy (A), as
functions of y, respectively. Entrainment-
driven melting is demonstrated by these fig-
ures to reduce DISW buoyancy decay, therefore
allowing greater vertical penetration.

The effect of earth rotation on the DISW
plume is to deepen the break free depth below
the zero-entrainment limit determined analyti-
cally and shown in Figure 2. As seen in Fig-
ure 5, the geostrophic balance of runs a and b
(letters denote runs with rotation effects)
suppresses the plume velocities. This sup-
pression tends to reduce the entrainment rate
which subsequently reduces the basal melting
rate (Figure 3). The buoyancy decay with in-
creasing y tends to fall below the zero-
entrainment limit, however, because the plume
path is not directly along the y axis.

In comparing the break free depth predicted
by the model with the observed depth of DISW
along the ice front [Jacobs, et al., this vol-
ume] it is useful to define an "equivalent ob-
sexved depth." This definition allows the ob-
sexrved depth to be corrected for the fact that
the salinity (density) stratification of the

e )
O"" R S

e
1000

|

0 500

distonce (km)
Fig. 5. The plume velocities are plotted as
functions of y. Numbered plumes (earth rota-
tion suppressed) accelerate rapidly downstream
of their sources to reach a velocity charac-
terized by balance between frictlion and buoy~-
ancy. Lettered plumes move more slowly as is
characterized by the geostrophic balance.
Velocity maxima associated with plumes 2 and 3
are caused by the effect of plume thickness,
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natural water column is not uniform. The ob-
served salinity of DISW is between 34.63 and
34.73; thus if the actual DISW mass were to
reside in the idealized sea, it would occupy
the depth range between 217 m and 383 m. This
falls precisely within the range of break free
depths spanned by the DISW plume experiments
in which earth rotation effects are ignored.
Possible implications of this comparison are:
(1) the natural DISW plume is channeled by a
coastline, by the ice-shelf topography or by
horizontally nonuniform stratification; (2)
the natural DISW plume originates much higher
in the water column, closer to the depth at
which it interleaves within the open ocean.

In contrast with the simulated DISW plume,
the simulated SISW plume generally emerges at
the sea surface unless entrainment is enhanced
by a high value of the entrainment parame ter
and by suppression of earth rotation effects.
Also unlike the DISW plume, sensible heat en-
trained into the SISW plume is negligible be-
cause shallow depth implies that the ambient
water column temperature is close to the basal
ice temperature. Without entrainment-driven
melting along the plume path (Figure 3}, en-
trainment simply forces a more rapid plume
buoyancy decay (Figure 4).

The equivalent depth for SISW is sea level
in the idealized sea rather than at depth [Ja-
cobs et al., this volume]; thus the tendency
for the modeled SISW plume to reach the sea
surface before breaking free of the ice is
consistent with observation. This agreement
may be fortuitous, however, because the sub-
stantial idealizations of WMCO influx and am-
bient temperature may emphasize incorrect mna-
tural processes. The SISW experiments demon-
strate that basal melting near the ice front
is not likely to be sustained by entrained
sensible heat from HSSW. The results here
confirm that sensible heat flux associated
with inflowing WMCO and with seasonal upper-
ocean warming is the dominant factor for near-
ice~front melting.

Entrainment-Driven Melting

The numerical simulations may be organized
into two categories besides those of DISW and
SISW production depending on whether the en-
trainment helps or hinders the maintenance of
plume buoyancy. All the SISW simulations, and
the DISW simulations in which rotation effects
are embraced, show that entrainment increases
the buoyancy decay rate above the "zero-
entrainment limit" determined analytically
(Figure 4). The DISW plume simulations repre-
sented by runs 1, 2, and 3 display the oppo-
site effect as a result of entrainment-driven
melting., This result suggests that a critical
depth exists below which entrainment-driven
melting is able to counterbalance the other-
wise buoyancy reducing effects of entrainment,

To estimate this critical depth, equation
(10) is simplified by assuming that the change
of buyancy flux with ) is mostly due to chang-
ing buoyancy rather than changing volume flux

5(Au) A
—— Au — H
(4 S5 s< Au 2

%K = K%»{ﬁ oy - (Ewu)a} - N2sing cosg (23)
The last term on the right hand side of equa-~
tion (23) expresses the zero-entrainment limit
of buoyancy decay that depends entirely on the
vertical motion of the plume with respect to
the density stratified environment. Depending
on whether the first term on the right hand
side of equaton (23) is positive or negative,
entrainment will either diminish or enhance
plume buoyancy decay. If the basal mel ting
rate given by equation (14) is substituted
into equation (23) and the vertical heat flux
through the ice is disregardeg, the difference
8(z)- 0¢ determines whether (BAm—(Ewu)A) is
positive or negative. The criterion for
whether entrainment helps or hinders buoyancy
decay is thus

L

A o]
8 -0, > — — (24)
(z) f & Co

This criterion can be simplified and expressed
in terms of depth by assuming () = 1.872¢,
using a representative value A/A. = 5x10° y
and by adopting in place of equation (1)
6 = -1.87 + 7.59 x 1050”12 (25)
This alternative criterion is roughly
2 < ~550m (26)

where the value 550 m may be changed depending
on the value chosen to represent the ratio
A Ay

The implication of this criterion is that
only DISW plumes are susceptible to buoyancy
enhancement by entrainment-driven melting.
The SISW plumes flow through an environment
where sensible heat entrainment and melting is
too low to counterbalance the additional den-
sity attained when plume and environment mix.
If climatic change were to warm the ambient
temperatures above approximately -1.3°C, the
criterion expressed by equation (24) would be
met at all depths. SISW plumes would thus
induce entrainment-driven melting, and would
become more prominent in their effect on the
ice shelf mass balance.

Evolution of Plume Geochemis try

Jacobs et al. [this volume] associate melt-
waters observed in the open Ross Sea with par-
ent water masses by examining the effects of

[,
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Fig. 6. Plume evolutions expressed as parame-
tric curves in SP versus ¢ space. Without xo-
tational effects, the DISW plumes reduce their
salinity as their oxygen-1isotope concentra-
tions increase (become less negative) because
entrainment tends to elicit further melting.
SISW plumes and DISW plumes e £fected by earth
rotation evolve in the opposi te sense because,
without strong melting, entrainment always
increases their salinity. FEnd points of the
parametric curves are compared with the ob-
served Sp and c of DISW and SLSW normalized to
account Eor the adjusted Sp and ¢ values as-
signed to HSSW and WMCO. This renormalization
of the observations is required to account for
the assumption that the ambient water column
has a constant vertical salinity gradient.
Without this renormaliza tion the model results
and data cannot be directly compared. Best
agreement with "observation" is attalned for
SISW runs with moderate entra inment.

melting on the salinity and oxygen-isotope
composition. The diagram of salinity versus
oxygen-isotope ratio of the plume shown in
Figure 6 indicates the simula ted geochemical
evolution of the two mel twater masses as they
travel from their respective points of origin
to where they interleave into the open ocean.
For both DISW and SISW plumes, the oxygen-
isotope ratios are expressed relative to the
initial ratios of the respective WMCO and HSSW
input water masses. These imput water massses
are assumed to have an oxygen-isotope ratio of
0 o/oo rather than the slightly negative val-
ues given by Jacobs et al. [this volume].

This renormalization, or reca libration, must

be accounted for when comparing Figure 6 with
its counterpart in Jacobs et al. [this vol-
ume}.

For DISW, best agreement between the simu-
lated plume properties at the break free depth
and the renormalized obsexrvation is for the
run having largest entrainment-driven basal
melting (run 2). By suppressing this form of
melting, earth rotation effects tend to in-
crease the plume salinity along the plume
path, Otherwise, meltwater dilution causes
the plume salinity to decrease along the plume
path.

Entrainment-driven melting is negligible
for the simulated SISW plumes; thus plume sa-
linity increases along the plume path for all
runs. Best agreement between simulation and
renormalized observation is achieved for runs
in which entraimnment is suppressed by earth
rotation or by a small value of the entrain-
ment parameter,

Ice Shelf Mass Balance

The entrainment-sustained basal melting
described above has several serious drawbacks
which presumably can be coxrected in a more
realistic study. The most apparent defect is
that basal melting is probably too high for
the DISW plume and probably too low for the
SISW plume, This judgnent is based on the
tentative pexceptiomn of the overall mass bud-
get of the Ross Ice Shelf presented by Mac-
Ayeal and Thomas [ 1984]. Modeled and observed
ice shelf flow patterns suggest that two areas
of melting are required to maintain a steady
state ice thickness distxibution on the Ross
Ice Shelf. These areas are: (1) between the
Crary Ice Rise and Siple Coast, and (2) within
100 km of the lce f£ront (especially near the
location of the warm coxe). The modeled DISW
plumes, in contrast, eliclt a basal melting
pattern that persists along the entire plume
trajectory. Furthermore, the modeled SISW
plumes produce appreciable melting only at
their points of origin.

This apparent model defect may, in future
studies, be corrected by: (1) allowing feed-
back between the basal melting rates aund the
internal ice shelf temperatures, (2) adjusting
the temperature and salinity stratiflation of
the ambient seawater to conform with the ob-
served hydrography, and (3) allowing the plume
to determine, in concert with other factors,
the stratification of the ambient water col-
umn. The first correction would intensify Lhe
vertical heat flux at the ice-ocean contact
and halt or diminish basal melting downstream
of the plume origin [MacAyeal, 1979]. This
effect could account for the apparent lack of
melting associated with the possible DISW
plume in the central part of the Ross Sea
cavity. The second correction would allow
greater basal melting along the ice front,




e

142 OCEANOLOGY OF THE ANTARCTIC CONTINENTAL SHELF

where ambient water in summer [Pillsbury and
Jacobs, this volume] has a temperature of
-1.25°C, or warmer, rather than the colder
temperature assumed in the model. The third
correction would diminish basal melting asso-
ciated with the DISW plume because recircula-
tion of meltwater back into the sub-ice cavity
would diminish the heat available to be en-
trained. Additional factors to be addressed
in an improved study of meltwater plume evolu-
tion are: instabilities, coastal boundary
effects, variable ice shelf thickness gradi-
ents, variable ice shelf oxygen-isotope con-
centration, and time-dependent ambient strati-
fication.

Conclusion

Buoyant meltwater plumes flowing along the
base of large Antarctic ice shelves interleave
within the surrounding ocean at depths deter-
mined by the ice shelf draft at the plume
source and the degree of entrainment experi-
enced along the plume trajectory. Model stu-
dies presented here suggest that DISW plumes,
or plumes originating where the ice shelf
draft is greater than approximately 500 m,
tend to penetrate vertically farther than do
SISW plumes. This result is a comsequence of
basal ice shelf melting forced by the sensible
heat flux accompanying plume entrainment. The
geostrophic balance tends to mitigate this ef-
fect because plume velocity and entrainment
rates are reduced when the Coriolis force,
rather than friction, balances the buoyancy
force.

The capacity for ventilating a typical sub-
ice shelf cavity is strongest for the most
vigorous DISW plumes in which rotation effects
are suppressed and entrainment parameters are
set high. Assuming a return flow of HSSW, the
outgoing DISW plume represented by run 2 (Ta-
ble 1), for example, would flush the entire
cavity below the Ross Ice Shelf in approxi-
mately 2 years. If averaged over the entire
ice shelf area, the ablation rate driven by
plume entrainment would be approximately
0.2 m/yr.

Such vigorous sub-ice shelf flushing by a
DISW plume is not anticipated in the Ross Sea,
however, becasue earth rotation effects are
likely to suppress necesssary entrainment-
driven melting. The rotational effects re-
ferred to here would be cancelled by the pres-
ence of coast or inverted "channels" in the
ice-shelf base. That may explain the rela-
tively vigorous flushing observed by Potter
and Paren [this volume] below the George VI
Ice Shelf. Comparison between the simulated
evolution of plume geochemistry and the hydro-
graphic properties of DISW observed by Jacobs
et al. [this volume] suggests that the real
DISW plume may originate where the Ross Ice
Shelf has a draft of approximately 600 m

rather than 1000 m as was assumed in this
study. Some areas in the southeastern corner
of the ice shelf (near 87°37's, 166°00'W) have
an ice thickness of approximately 600 m and
additionally display ice flow convergence re-
quiring greater than 0.5 m/yr melting to main-
tain steady state [R. Bindschadler, personal
communication, 1984].

In contrast to the DISW plumes, SISW plumes
caused by WMCO impingement on an ice shelf
base at 250 m depth do not have the capacity
for entrainment-driven melting. As a result,
the geochemical evolution of SISW represents a
simple mixture of plume with ambient water.
The net basal ablation associated with SISW
production is, furthermore, entirely associa-
ted with the plume source where sensible heat
from the WMCO is lost. Entrainment-driven
basal melting similar to that associated with
possible DISW plumes could be sustained, how-
ever, if the ambient water through which the
SISW plume flows had a temperature greater
than approximately -1.3°¢C. Temperatures this
warm near the surface of the Ross Sea are not
characteristic of the present climatic regime;
but could be expected if C0, warming were to
occur,
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